The impact of Ga and Au ion implantation on the electron spin dynamics in bulk wurtzite GaN is studied by time-resolved Kerr-rotation spectroscopy. The spin relaxation time increases strongly by up to a factor of 20 for increasing implantation doses. This drastic increase is caused by a transition from delocalized to localized electrons. We find a characteristic change in the magnetic field dependence of spin relaxation that can be used as a sensitive probe for the degree of localization. The electron spin dynamics in semiconductors is governed by the multifarious interplay of numerous parameters.
1,2 Besides tunable extrinsic parameters like temperature or external magnetic fields, the intrinsic material properties like crystal symmetry or strength of the spin orbit coupling (SOC) play a key role. In addition to these properties of the ideal material, also the disorder potential in a real semiconductor structure has strong influence on the spin dynamics as it modifies momentum scattering of delocalized electrons or even leads to localization of carriers. Despite its importance, the influence of disorder on the electron spin dynamics has only rarely been studied systematically by changing the electron density and thus the degree of localization for a fixed disorder potential.
3,4 The disorder potential itself can, however, also be modified by implanting ions into the semiconductor where the implanted ions and the implantation damage strongly influence the disorder potential. In addition to these fundamental aspects, the electron spin dynamics in ion-implanted semiconductors is also highly relevant for the development of spintronics as a spin based electronics. Vacancies as typical implantation defects were for example proposed as spin filters 5 or predicted to cause ferromagnetism in wide-gap group III nitrides. 6 In this context, especially GaN has attracted strong interest as a possible ferromagnetic semiconductor after various experimental reports on ferromagnetism upon ion implantation. [7] [8] [9] [10] Here, we experimentally investigate the electron spin dynamics in bulk wurtzite GaN implanted with Ga and Au ions by time-resolved magneto-optical Kerr-rotation (TRKR) spectroscopy.
The GaN sample under investigation was a 1.8 lm thick GaN layer with a typical n-type doping level of n D % 5 Â10
16 cm À3 , grown by metal-organic chemical vapor deposition (MOCVD) on a sapphire substrate. Six 1 Â 1 mm 2 wide regions were implanted with different Ga doses ranging from 1 Â 10 11 cm À2 to 1 Â 10 13 cm À2 . The implantation was carried out at room-temperature using a focused ion beam (FIB) implanter with Ga þ ions at an implantation energy of 100 keV. The implanted doses correspond to average Ga densities from n Ga ¼ 1 Â 10 16 cm À3 to 1 Â 10 18 cm À3 as estimated for the projected stopping range of 100 nm resulting from SRIM simulations. 11 We note that even the highest implanted Ga density does virtually not change the stoichiometry of the GaN matrix. For comparison, four 1 Â 1 mm 2 wide regions were implanted with Au 2þ ions at an implantation energy of 200 keV and doses ranging from 5 Â 10 10 cm À2 to 1 Â 10 12 cm À2 , corresponding to average densities n Au ¼ 6:7 Â 10 15 cm À3 to 1:3 Â 10 17 cm À3 for the projected stopping range of 75 nm. The sample was not annealed after implantation to preserve the implantation damage.
In the following, we will first focus on the effect of Ga implantation. The implanted regions were initially characterized by time-resolved photoluminescence (PL) measurements using the frequency-doubled output of a fs-Ti:Sapphire laser with an energy of 3.55 eV and 10 mW average power for excitation and a synchroscan streak-camera for detection. The PL shows for all implantation densities a fast decay (see exemplarily the PL transient in the inset of Fig. 1 ). The radiative lifetime slightly decreases from s r % 40 ps for the unimplanted GaN to s r % 30 ps for the highest implantation dose due to the increasing density of defects with short capture times. The intensity of the timeintegrated PL strongly decreases for increasing implantation density, and is almost completely quenched for the highest implanted Ga density (see Fig. 1 ). This typical drop of the PL intensity is caused by the increasing implantation damage with the creation of nonradiative recombination centers. 12 We next performed TRKR experiments to investigate the impact of the implantation damage on the electron spin dynamics. For these measurements, the frequency-doubled output of a modelocked Ti:Sapphire laser with a repetition rate of 80 MHz was split into pump and probe pulses. The circularly polarized pump pulse created a spin polarized electron ensemble in the sample. The time evolution of the spin polarization was monitored via the Kerr rotation of the linearly polarized probe pulse which was time delayed by a mechanical delay line. A balanced photoreceiver with cascaded lock-in amplifier technique was used for detection of the Kerr rotation, with a fast 50 kHz polarization modulation of the pump beam via a photoelastic modulator and a much slower intensity modulation of the probe beam. The average power of pump and probe beam was 10 mW and 1 mW, respectively, at an energy of 3.48 eV, corresponding to an estimated density n exc % 1 Â 10 16 cm À3 of photoexcited carriers within the pump focus spot diameter of 100 lm. The sample was mounted in a cold-finger cryostat at a temperature of T ¼ 80 K, and an external magnetic field B ext was applied in the sample plane. Figure 2 shows normalized TRKR transients for different Ga implantation densities n Ga . The transients show oscillations due to the electrons' spin Larmor precession around the external magnetic field and a temporal decay due to the electron spin relaxation. The corresponding spin relaxation time s s was obtained by exponential decay fits of the form ½A 1 expðÀt=s c Þ þ A 2 expðÀt=s s;0 Þ to the zero-field (B ext ¼ 0) transients, and from damped cosine fits ½A 1 expðÀt=s c Þ þ A 2 expðÀt=s s;B Þcos½x L ðt À t 0 Þ to the transients for B ext > 0 where s c is a carrier lifetime and x L ¼ gl B B ext = h is the Larmor precession frequency. From the x L ðB ext Þ dependence, a Land e-g factor g ¼ 1.95 was obtained for the as grown GaN and for all implantation densities, in good agreement with the literature value for GaN. 13 The spin relaxation times s s for zero magnetic field (filled symbols) and a fixed magnetic field B ext ¼ 0:24 T (open symbols) are plotted in Fig. 3(a) as a function of the implantation density n Ga . While the spin relaxation times increase only moderately for low implantation densities, they show a drastic increase around the intermediate implantation density n Ga ¼ 1 Â 10 17 cm À3 , before they saturate for even higher Ga doses. This pronounced density dependence is accompanied by a systematic change in the magnetic field dependence of spin relaxation as indicated by the ratio b ¼ s s;0 =s s;B of the zero-field spin relaxation time s s;0 to the spin relaxation time s s;B for B ext ¼ 0:24 T [see Fig. 3(b) ]. In the following, we will show that the observed implantation density dependence of the spin relaxation time is caused by the transition from delocalized to localized electrons, and that the ratio b is a sensitive probe for localization.
We start by discussing the two limiting cases of spin relaxation of free electrons and of localized electrons with special emphasis on their magnetic field dependence. Free electrons are subject to Dyakonov-Perel 14 (DP) spin relaxation in n-GaN. [15] [16] [17] [18] Spin-orbit coupling causes a conduction band spin splitting which acts like an effective, momentum dependent magnetic field XðkÞ on the electrons' spins. Random momentum scattering leads to a fluctuating effective magnetic field, resulting in spin dephasing of the electron ensemble. In the most simplistic approach to DP relaxation in the motional narrowing regime, the tensor of spin relaxation rates is given by
with the momentum scattering time s p and h…i denoting averaging over the electrons' momentum distribution. More frequent momentum scattering leads therefore to longer spin relaxation times. The effective magnetic field in bulk wurtzite GaN is given by XðkÞ
with zjj½0001 (c-axis), xjj½11 20, yjj½1 100; k
; c e and b as Dresselhaus parameters and a e as the Rashba coefficient. The anisotropic effective magnetic field leads according to Eq. (1) to an anisotropic spin relaxation tensor as elaborated in Ref. 15 . This anisotropy manifests itself in a characteristic sudden rise from the spin relaxation time s s;0 for zero magnetic field to s s;B ¼ 4 3 s s;0 if an external magnetic field is applied. Therefore, a ratio b DP ¼ 0:75 follows for DP relaxation of free, delocalized electrons in GaN.
In the other limiting case of spin relaxation of localized electrons, the DP mechanism is switched off since the bound states have zero average wave vectors. Instead, spin dephasing times are usually limited by spin-orbit interactions or hyperfine interaction with nuclear spins. 21, 22 The spin dephasing due to the hyperfine interaction is isotropic, since it is dominated by the Fermi contact interaction. 23 The corresponding spin dephasing time due to the hyperfine interaction can be approximated by 24, 25 
where N is the number of nuclei overlapping with the electron wavefunction, A i is the hyperfine constant, I i the nuclear spin and y i the abundance of isotope i. A spin dephasing time s s;nuc % 1:8 ns is estimated, in approximate agreement with the experiment. 26, 30 An additional contribution to spin dephasing of localized electrons can arise in magnetic fields from a distribution Dg of the electron g factor. 27 It leads to a spread Dx L ¼ Dgl B B= h in the Larmor precession frequency, resulting in an inhomogeneous dephasing of the electron spin. The corresponding magnetic field dependence
with a s s;loc / 1=B ext dependence for large B ext is wellknown for localized electrons in such different systems as quantum dots, 25 potential fluctuations in quantum wells 3 or donor-bound electrons. 22 The regime of localized electrons is correspondingly characterized by a ratio b loc > 1.
In the experiment, we find purely DP dominated spin relaxation of free, delocalized electrons for the unimplanted GaN and the lowest implantation density n Ga ¼ 1 Â10
16 cm À3 , as evidenced by a ratio b % 0:75 [cf. Fig. 3(b) ] and the characteristic magnetic field dependence with a sudden increase of the spin relaxation time from s s;0 to s s;B ¼ [15] [16] [17] For the highest implantation densities n Ga ! 2 Â10 17 cm À3 , the spin relaxation is in contrast characteristic for localized electrons, with a constant spin relaxation time compatible with nuclear hyperfine relaxation as shown above and a typical magnetic field dependence possibly due to g factor variations [see Figs. 3(a), 4(a), and 4(c)] . A fit to the magnetic field dependence according to Eq. (4) gives good agreement for the highest implanted density n Ga ! 1 Â 10 18 cm À3 and B ext > 0:2 T [see Fig. 4(c) ]. We note that the required variation of the Land e-g factor Dg ¼ 0:0037 corresponds to only 0.2% variation of g. Responsible for the observed localization is defects created during implantation, where, e.g., the N vacancy is a donor state. 28 The strongly increasing spin relaxation time in the intermediate regime reflects the transition from delocalized to localized electrons. Fast spin exchange between the ensemble of free and localized electrons leads to the observation of a single relaxation time. 21, 29 The increasing contribution of the slowly relaxing localized electrons leads to the observed increase of spin relaxation time with implantation density. The magnetic field dependence shows a corresponding transition from the characteristic anisotropic DP magnetic field dependence over a flattening for n Ga ¼ 1 Â 10 17 cm À3 to the s s / 1=B ext dependence of localized electrons [see Fig.  4(c) ]. This interpretation is corroborated by measurements at room temperature where we find a recovery of the anisotropic relaxation and ratios b close to b DP ¼ 0:75 for all implanted densities as a consequence of the smaller degree of localization at room temperature (not shown). We note that increasing spin lifetimes for increasing implantation dose are also generally predicted within DP theory for delocalized electrons as a consequence of increasing momentum scattering [see Eq. (1)]. This interpretation would, however, predict a persistence of the spin relaxation anisotropy, in contrast to the experimental findings. We therefore rule out the explanation of the increasing spin relaxation times via the DP mechanism.
For comparison, we also measured the spin relaxation times after implantation of Au ions (see Fig. 5 ). The spin relaxation times and the ratio b show a very similar over-all behavior as for Ga implantation. The drastic increase of spin relaxation times starts, however, for a lower density n Au ¼ 5 Â 10 16 cm À3 , as can be expected from the higher In conclusion, the influence of Ga and Au ion implantation on the electron spin dynamics in bulk GaN was studied. Independent of the implanted ion species, we find a strong increase of the spin relaxation time by up to a factor of 20 with increasing implantation dose that is caused by increasing carrier localization. The corresponding magnetic field dependence of spin relaxation shows a transition from the anisotropic relaxation of delocalized electrons to isotropic relaxation of localized carriers, which makes it a sensitive probe for localization.
We gratefully acknowledge financial support by the German Science Foundation (DFG priority program 1285 "Semiconductor Spintronics").
